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Abstract
We investigated the interactions betw een the cold-water coral Lophelia pertusa and its associated polychaete Eunice 
norvegica by quantifying carbon (C) and nitrogen (N) budgets of tissue assimilation, food partitioning, calcification and 
respiration using 13C and 15N enriched algae and Zooplankton as food sources. During incubations both species were kept 
either together or in separate cham bers to study the net outcom e of their interaction on the above m entioned processes. 
The stable isotope approach also allowed us to  follow metabolically derived tracer C further into the coral skeleton and 
therefore estim ate the effect of the interaction on coral calcification. Results show ed tha t food assimilation by the coral was 
not significantly elevated in presence of £  norvegica but food assimilation by the polychaete was up to 2 to  4 times higher 
in the presence of the coral. The corals kept assimilation constant by increasing th e  consum ption of smaller algae particles 
less favored by the polychaete while the assimilation of Artemia was unaffected by the interaction. Total respiration of tracer 
C did not differ am ong incubations, although £  norvegica enhanced coral calcification up to  4 times. These results together 
with the  reported high abundance of £  norvegica in cold-water coral reefs, indicate tha t the interactions betw een £  pertusa 
and £  norvegica can be of high im portance for ecosystem  functioning.
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Introduction
In  the N orth  East Atlantic, the scleractinian cold-w ater coral 
Lophelia pertusa is the dom inating  reef form ing species. Its com plex 
fram ew ork offers a  m ultitude o f different habitats [1,2,3] used by  a 
great variety o f species [4,5,6], A m ong 1300 docum ented  species 
[7] various symbiotic relations betw een scleractinian cold-water 
corals an d  associated invertebrates have been  reported  [8]. So far, 
m ost o f these relationships are no t clearly defined an d  their role in 
the functioning of the ecosystem is poorly understood [8,9].
O n e  ubiquitous species that is abundantly  (12-17 ind. m  2, 
based on o u r da ta  an d  the following references [10,11]) observed 
in close contact with the cold-w ater coral L. pertusa is the 
polychaete Eunice nowegica [12,13,14], It forms parchm ent-like 
tubes w ithin living coral branches w hich later are calcified by its 
coral host [15]. R oberts [16] suggested that E. nowegica strengthens 
the reef fram ew ork by  thickening and  connecting coral branches. 
M oreover, by aggregating coral fragm ents the polychaete m ight 
enhance the developm ent o f large reef structures [16], However, 
the relationship m ight com e a t a  m etabolic cost for the coral due 
to enhanced  precip itation  o f C a C 0 3 So far however, no da ta  is 
available to quantify this aspect o f the relationship betw een coral 
and  polychaete.
A dditional to the indirect m etabolic effect via calcification the 
polychaete also m ight have a  m ore direct effect on coral
metabolism : A quaria observations by M ortensen [15] have shown 
that E. nowegica occasionally steals food from  its host coral while at 
the same tim e it cleans the living coral fram ew ork from  detritus 
and  protects it from  potential predators th rough  aggressive 
territorial behavior. Again, the net outcom e of these different 
processes on  the m etabolism  o f the coral an d  the polychaete has 
never been  quantified.
Symbiosis are long term  interactions betw een different biolog­
ical species [17,18] w hich can  involve positive (mutualism (++), 
com m ensalism  (+0)) an d  negative feedbacks (com petition (—), 
parasitism  (—+)) betw een the species [19,20], Based on qualitative 
observations the relations betw een L. pertusa an d  E. nowegica range 
from  parasitic (food stealing) to m utualistic (cleaning and  
protection  o f coral branches) [15,16], H ow ever to bette r estim ate 
the net outcom e of the interplay o f the different process involved 
quantitative data, especially with respect to species m etabolism  are 
necessary [21]. T hese data  will further help to assess the 
significance of this in teraction  for the structure an d  functioning 
o f cold-w ater coral reefs, w hich can be crucially influenced by 
species interactions [22].
In  this study we directly quantify the interactions betw een L. 
pertusa and  E. nowegica w ith respect to food assimilation, 
calcification and  respiration, key processes in species m etabolism  
and  highly involved in the interaction betw een L. pertusa and  E. 
nowegica. T o  trace and  quantify these processes w ith respect to the
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interaction betw een b o th  species we used two 13C and  15N  labeled 
food sources th a t are considered im portan t for cold-w ater coral 
reef com m unities, i.e. algae and  Zooplankton [23,24,25]. T h e  use 
o f  two food sources also allowed us to investigate food com petition 
and  niche segregations betw een L. pertusa and  E. nowegica. D uring 
the experim ent corals and  polychaetes were either kept separate or 
in association w ith each o ther to allow singling ou t the net 
outcom e o f the association on different m etabolic processes. By 
using isotopically enriched food sources we were able to direcüy 
trace no t only C and  N  tissue assim ilation by L. pertusa an d  E. 
nowegica, b u t also calcification based on  m etabolically derived C- 
deposition in coral skeleton. M etabolically derived C, i.e. inorganic 
C originating from  respired food, is one o f the two sources that 
sustain the dem and  for inorganic C by calcification [26]. Since 
13C -labeled food was used in  our experim ental design, the 
subsequent deposition o f respired 13C into the coral skeleton was 
used as proxy for calcification as discussed below.
Materials and M ethods
Sampling Location and Maintenance
All coral pieces and  polychaetes used in the experim ents were 
obtained from  the N orw egian T isler Reef, w ith all necessary 
perm its obtained from  the D irectorate o f Fisheries, N orw ay to 
conduct the described study. T h e  R eef is situated a t 70 to 155 m 
dep th  in the N E Skagerrak, close to the border betw een Norw ay 
and  Sweden. T h roughou t the year, the cu rren t velocity over the 
reef norm ally varies from  0 to 50 cm s *, w ith peaks in excess o f 
70 cm  s- 1 , while the flow direction fluctuates irregularly betw een 
N W  an d  SE [27,28]. T em pera tu re  a t the reef site typically varies 
betw een 6 to 9°C th roughout the year [27,28]. T h e  am oun t and  
quality o f particulate organic carbon  (POC) reaching the reef 
depends on  the location w ithin the reef, so th a t P O C  concentra­
tions can range from  43.5 to 106.3 pg C L -1  [28].
Specim ens were collected from  a dep th  o f a round  1 1 0 m  
(N58°59,800’ E10°58,045’) w ith the rem otely operated  vehicle 
(ROV) Sperre Subfighter 7500 D C . W ith in  a  few hours they 
arrived in the laborato ry  a t the Sven Lovén C entre in T järnö  
(Sweden) in cooling boxes filled with K oster-fjord seawater (7°C, 
salinity 31). Before used in the experim ent organism s were kept 1— 
8 days for acclim ation in a  dark tem perature-contro lled  laboratory  
a t 7°C w ith sand-filtered runn ing  seawater from  45 m  dep th  ou t o f 
the adjacen t K oster-fjord (sand particle size 1-2 m m , w ater 
exchange ra te  o f ca 1 L m in -  *). No additional feeding was offered 
during  the m aintenance period  since the sand-filtered K oster-fjord 
w ater still conta ined a  lo t o f particles < 1 - 2  m m  (pers. observation) 
w hich could be used as food source [24]. D uring  the acclim ation 
phase corals were kept w ithout polychaetes, while polychaetes 
were kept in aquaria  w ith coral rubble including also living 
colonies in response to their need  o f shelter. O ne  day before used 
in the experim ent larger coral colonies w ere clipped to approx­
im ately the same size, determ ined by  dim ension and  buoyant 
weight, to allow using com parable coral samples pe r cham ber. 
Polychaetes were selected solely on  the base o f their dimension. 
After the experim ent all samples were also m easured for dry 
weight (DW) to allow standardization am ong treatm ents.
Preparation of Food Substrates
C old-w ater corals are exposed to various food particles and  they 
are considered to feed on a  m ixed diet including phyto- and  
Zooplankton [23,25,29,30]. T h e  diatom  Thalassiosira pseudonana 
(5 pm) was chosen to represent small phytoplankton-derived 
particulate organic m atter (POM) substrates reaching cold-water 
coral reefs [25]. T hey  were cultured  axenically in f /2  m edium
adap ted  after G uillard [31] on the base o f  artificial seawater in 
w hich 90% of either the unlabeled N a H C 0 3 or N a N 0 3 were 
exchanged with the isotopically enriched equivalent (Cam bridge 
Isotopes, 99%  13C, 99% 15N). After 3 weeks o f culturing cell 
densities were a round  3-4*IO 6 cells ml 1 and  the algal suspension 
was concentra ted  by  centrifugation a t 450 g. T h e  concentrates 
were rinsed three times with 0.2 pm  filtered seawater to rem ove 
residual label. T h e  isotopic enrichm ent o f the algal concentrates 
were 59% 13C (S13C 125908 %o) an d  64%  15N  (S15N  472590 %o), 
respectively. T hey  were stored frozen until use in the experim ent 
(for details on  isotope analysis, see below).
Artemia spp. nauplii (~ 3 0 0  pm) were chosen to represent large 
zooplankton-derived P O M  substrates reaching cold-w ater coral 
reefs [23]. T h ey  resem ble natural Zooplankton an d  have been 
successfully used in food studies on  Lophelia pertusa before 
[32,33,34], 13C and  15N  enriched nauplii were cultured  by 
hatching 0.6 g Artemia cysts (Sera) in 10 L incubation cham bers 
filled w ith 0.2 pm  filtered seawater under natural light conditions 
and  m ild aeration. After the larvae had  developed to a  state at 
w hich they take up particulate food (1 to 2 days after eclosión of 
larvae), larvae w ere fed every second day w ith a  suspension 
containing 13C or 15N  enriched pre-cultured  algae (at a round  
1.5 m g C L -  and  0.15 m g N  L -  respectively). T h e  uptake of 
algae was confirm ed visually under the m icroscope as green food 
particles in the anim al guts. After seven days o f feeding, larvae 
were concentra ted  by filtration on  a 200 pm  filter, rinsed off the 
filter w ith filtered seawater, counted  under the binocular and  
stored frozen. W ithin the Artemia concentrate different early larval 
stages could be  detected. T h e  final isotopic enrichm ent o f the 
larvae was 4%  (S13C 2909 %o) for 13C and  7% (815N  21800 %o) for 
15N  respectively.
T o  standardize the am oun t o f C added  to the incubations, 
substrates were analyzed for C an d  N  con ten t (see below for 
m ethodological description). T h e  1:1 m ixture o f 13C A rtem ia : 15N  
algae and  13C algae : 15N  Artemia, b o th  a t total concentra tion  of 
800 pg C L ’, represented  the two food treatm ents. T ogether 
with the treatm ents “Lophelia separate” , “Eunice separate” and  
“Lophelia - Eunice together” gives a  total o f 6 treatm ents, each of 
them  perform ed in triplicate.
Experimental Set up and Procedure
Incubation  cham bers (Fig. 1) were p laced in a  therm o­
controlled room  at 7°C and  filled w ith 5 pm  filtered K oster-fjord 
bo ttom  w ater p rio r to the start o f the experim ent. A total o f  29 
coral fragm ents (2 to 3 coral pieces ch am b er- 1 , 3 .2 ± 1 .3 3  g D W  
piece- 1 ; 9 .7 8 ± 1 .1 6 g  D W  ch am b er- 1 ; 16 .55±5 .43  polyps 
cham ber 1, w ith no significant difference of coral weight betw een 
treatm ents, p > 0 .0 5 ) and  12 polychaete specimens (1 polychaete 
ch am b er- 1 , 0 .4 8 ± 0 .1 2  g D W  polychaete- 1 , with no significant 
difference o f polychaete w eight betw een treatm ents, p > 0 .0 5 ) were 
selected and  placed separately or together in the m iddle o f the 
incubation cham bers. T o  stabilize the corals fragm ents in an 
upright position, they w ere gently inserted into a  1 cm  elastic 
silicone tube on  an  acrylic plate th a t was a ttached  on the cham ber 
base. T o  provide refuge space in treatm ents w ith only polychaetes 
p resent bleached coral skeleton and  plastic tubes were placed in 
the cham bers. Both substitutes w ere indeed used as refuge by  the 
polychaetes during  the experim ent, a lthough the tubes w ere not 
p resent during  the acclim ation phase. C ham bers w ith corals and  
polychaetes contained only living coral specimens, used as shelter 
by the polychaete during  the incubation. W ater circulation was 
m aintained during  the experim ental period by a  m otor-driven 
paddle in the upper p a r t o f the incubation  cham ber (Fig. 1, ro tor 
speed 30 rpm). T h e  m otor section was no t directly a ttached  to the
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Figure 1. Experimental set up (Mississippi cham bers), a)
Experim ental s e t  up  inc lud ing  th e  w a te r  reservoir for filtered  sea  w a te r 
(1), th e  d irec tio n  o f  th e  w a te r  flow  in d ica ted  w ith  a rrow s (2), 5 
in c u b a tio n  c h am b e rs  (3) a n d  th e  m o to r driv ing  th e  c h a m b e r  p ad d le s  
(4). b) C lose-up  o f  o n e  in c u b a tio n  c h a m b e r (10 L) p ro v id ed  by  A. I. 
Larsson.
do i:10 .1371 /jou rna l.pone.0058660 .g001
incubation  cham ber and  efFectively avoided heating  o f the 
cham bers during  the incubations. Corals and  polychaetes were 
left in  the cham ber for 12 h  for acclim atization p rio r to feeding.
At the start o f the experim ent, 400 |ig  C I, o f each food 
source was gently p ipetted  into the w ater colum n o f each cham ber. 
T he  cham bers were closed from  flow th rough  for 2.5 days to allow 
feeding (feeding period). V isual observation confirm ed th at the 
circulating w ater kept the food particles in suspension. After the 
feeding period, the cham bers were flushed to rem ove rem aining 
food particles and  waste products by pum ping  5 pm  filtered 
K oster-fjord bottom  w ater th rough  the cham bers at a flow speed 
o f 140 ml m in 1 for 12 h. T his p a tte rn  was conducted  twice. After 
the last flushing period  (140 ml m in 5 pm  filtered Koster-fjord 
w ater, lasting 12 h), incubation  cham bers were closed w ithout 
food addition for ano ther 24 h. D uring  this period  the respiration 
o f the added 13C enriched food substrates was quantified by 
m easuring the p roduction  of dissolved inorganic 13C in the w ater 
(13C -D IC ) [35,36,37], W ater samples were taken before (control) 
and  after the respiration incubation, and  filtered (G F/F) in a 20 ml 
headspace vial. E ach sample was poisoned w ith 10 pi H gC E , 
closed w ith an alum inum  cap fitted w ith a rubber septum  and 
stored upside down.
In  parallel to the m ain  experim ent, 3 control corals and  3 
control polychaetes were incubated  w ithout food for stable isotope 
13C and  15N  background m easurem ents. After a total experim en­
tal tim e of 7.5 days, coral and  polychaete samples were frozen at 
— 20UC and  transported  to the N etherlands Institute for Sea 
Research-Yerseke, w here they were freeze-dried and  stored frozen 
for fu rther analysis.
Sample Treatment and Analysis
T is s u e  a s s im ila t io n .  P rio r to isotopic analysis frozen coral 
and  polychaete samples were freeze-dried, weighed and  hom og­
enized by grinding w ith a ball Mill for 20 s (M M  2000, Retsch, 
H aan , Germ any). A  subsam ple o f a round  30 m g o f grinded coral 
m aterial and 2—3 m g grinded polychaete m aterial was transferred 
to pre-com busted  silver boats and  decalcified by acidification. 
W hile polychaete samples were directly acidified w ith concen tra t­
ed HC1 (12 m ol L '), coral samples were first placed in an acidic 
fume for 3 to 4 days to remove m ost o f the inorganic C. C oral 
samples were then  further acidified by stepwise addition of HC1 
w ith increasing concentra tion  (m axim um  concentration  12 mol 
L ') until the inorganic C fraction (skeleton) was fully rem oved (as 
evidenced by the absence of bubbling  after fu rther acid addition). 
T he  rem aining fraction after acidification resem bled the organic 
fraction of each samples, w hich in case o f the coral samples 
includes the coral tissue and  the organic m atrix  in the skeleton that 
represents only a very small organic fraction [38], After com plete 
décalcification each sample was m easured  for 13C and  15N  using a 
therm o E lectron Flash EA 1112 analyzer (EA) coupled to a D elta 
V  isotope ratio  mass spectrom eter (IRMS).
All obtained stable isotope data  were expressed in |tg  C g C 
biomass and  (tg N  g 1 N  biomass. T h ey  were calculated as 
following on the base o f the delta notations obtained from  the 
IR M S: §X  (%„) = (RSampie/Rref — 1 )* 1000, w here X  is the elem ent, 
Rsampie is the heavy : light isotope ratio in  the sample and  R ref is 
the heavy : light isotope ratio  in  the reference m aterial (Vienna Pee 
D ee Belem nite standard  for C and  atm ospheric nitrogen for N). 
W hen  used for C the R ref = 0.0111797 and  w hen used for N  then  
Rref = 0 .0036765 . T he  atom ic % o f heavy isotope in  a sample is 
calculated as F = R sample/ (R sample+ l). T he  excess (above back­
ground) atm  % is the difference betw een the F in an  experim ental 
sample and  the atm  % in a control sample: E = Fsampie — Fcontroi. 
T o  arrive to total tracer C and  tracer N  uptake o f labeled food
I. Larsson
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substrates, the excess incorporation  was divided by  the a tm  % of 
each specific food source.
C a lc if ic a tio n  ( t r a c e r  C in c o r p o r a t io n  in  c o ra l  
sk e le to n ) . T o  m easure the incorporation  of tracer C in coral 
skeleton 30 m g o f each coral sample (including tissue, organic 
m atrix  an d  skeleton) was direcüy transferred  to a  silver boa t and  
m easured on the EA -IR M S for total 13C content. T h e  same 
calculations used to calculate tracer C tissue assim ilation were then 
used to calculate tracer C incorporation  in the total C pool o f the 
coral sample. Incorporation  of tracer C in the inorganic skeleton 
was finally determ ined by subtracting tracer C assim ilation in the 
organic C fraction (tissue and  organic matrix) from  the tracer C 
incorporation  in the total C pool (tissue, organic m atrix  and  
skeleton). This allowed us to trace the m etabolically derived tracer 
C, i.e. from  food respiration, into the coral skeleton and  to 
quantify calcification rates based on this C source. A lthough this 
calcification process m ay be o f lim ited im portance to total 
calcification by cold w ater corals [39], a  com parison can reveal 
calcification differences betw een treatm ents. A nother advantage is 
th a t small changes w ithin a  small tim e period  can be detected, 
similar to the 45C a labeling m ethod  [40,41], b u t w ithout the 
necessity o f radioactive isotopes.
R e s p ir a t io n .  R espiration o f labeled food substrates was 
m easured by analyzing the concentra tion  and  isotopic ratio o f 
the C 0 2 in the w ater samples taken a t the beginning and  the end 
o f the 24 h  incubation  a t the end  o f the experim ent. After creating 
a  headspace o f 3 ml in each sample vial by  injecting N 2 gas 
th rough  the vial septum  [36,42], samples were acidified w ith 20 pi 
o f  concen tra ted  H 3P 0 4 to transform  D IC  into C 0 2. After C 0 2 
had  exchanged with the vial headspace 10 pi sam ple o f the 
headspace gas was injected into an  elem ental analyzer isotope- 
ratio mass spectrom eter (EA-IRMS). T h e  final calculations for 
tracer C respiration followed the description for p a ce r C tissue 
assimilation.
Statistics
T h e  p rogram  PE R M A N O V A  [43] was used to investigate 
interactions betw een the different factors (food an d  treatm ent) by 
perm utational m ultivariate analysis o f variance (PERM A NOV A). 
T h e  outcom e of each PE R M A N O V A  test was expressed in M onte 
C arlo P-values, w hich are m ore robust in case o f smaller num bers 
o f  replicates. I f  the variance betw een da ta  was no t hom ogeneous 
(tested using Fligner-K illeen test) a  Kruskal-W allis test was used as 
true non-param etric  approach.
Results
Tissue Assimilation and Respiration by Eunice Norvegica
E. norvegica assim ilated in total 9 5 ± 6 7  pg  C (day * g C biomass 
polychaete)-1 an d  175.51 ±83 .05  pg N  (day * g N  biomass 
polychaete)-1 in the absence of L. pertusa (Fig. 2a). Flowever when 
L. pertusa was present, the assim ilation o f E. norvegica was 
significandy enhanced  4 times for C and  2 times for N  
(PER M A N O V A  p = 0.03, Fig. 2a).
C partition ing  betw een different food sources did no t differ 
significantly am ong treatm ents (PER M A N O V A  p > 0 .1 ), although 
a  trend  o f h igher Artemia uptake in the presence o f the coral was 
recorded (Fig. 2b). Flowever in both , absence an d  presence of 
corals, Artemia was the dom inant N-source for E. norvegica, 
accounting for 87% of total assim ilated N  in polychaete tissue 
w hen corals w ere p resent to 91% w hen corals were absent 
(PER M A N O V A  p < 0 .0 2 , Fig. 2b).
D uring  incubations w ithout corals, E. norvegica respired 
1423±  1431 pg C (day * g C biom ass polychaete)- 1 . M ost o f the
C respired by the polychaete in these incubations was derived 
from  its feeding on Artemia (Fig. 3a). T o tal respiration in 
incubations with only the polychaete p resent did no t differ from 
incubations w ith E. norvegica a n d  L. pertusa present (PER M A N O V A  
p  = 0.7, Fig. 3a).
Tissue Assimilation, Calcification and Respiration by 
Lophelia Pertusa
In  total L. pertusa assim ilated 149 ± 5 6  pg C (day * g C biomass 
coral) 1 and  473 ± 3 7 5  pg  N  (day * g N  biomass coral) 1 w hen E. 
norvegica was absent (Fig. 2a). N either the uptake o f C nor the 
uptake of N  was significandy affected by the presence o f the 
polychaete (PE R M A N O V A  p  = 0.3, Fig. 2a). Even though the 
presence o f E. norvegica did no t change total C an d  N  tissue 
assim ilation o f L. pertusa, it did change the contribution  o f food 
sources (Fig. 2a, b). In  the absence o f the polychaete L. pertusa 
significandy assim ilated m ore Artemia then  algae (PER M A N O V A  
p  = 0.02, Fig. 2b). In  the presence o f E. norvegica how ever L. pertusa 
increased the assim ilation o f algal-derived C from  16% to 33% 
(PER M A N O V A  p = 0.07, Fig. 2b), w hich resulted in equal 
assim ilation rates o f  bo th  food sources (PER M A N O V A  p = 0 .1 , 
Fig. 2b). This tren d  was no t visible for N  assimilation, w here no 
significant influence by E. norvegica on food utilization by L. pertusa 
could be observed (PE R M A N O V A  p = 1) and  Artemia rem ained 
the dom inant source of N  for the coral independendy o f E. norvegica 
presence or absence (PER M A N O V A  p < 0 .5 , Fig. 2b).
M etabolic derived coral calcification was significandy enhanced  
up to 4 times by  the presence o f the polychaete (Kruskal-W allis p 
= 0.05, Fig. 4a). O n  average, Artemia contributed  68% an d  85%  to 
total inorganic C form ation, whereas algae accounted for 32%  and  
15% in absence and  presence o f the polychaete respectively 
(Fig. 4b). T hese contributions were how ever no t significandy 
different (Kruskal-Wallis p  = 0.2, Fig. 4b).
C oral respiration in the absence of E. norvegica accounted  for 
1242 ± 699 pg C (day * g C biomass coral)-  . Artemia was the 
p rim ary  C source and  supplied 85% o f the respired C, in contrast to 
algae, w hich contributed only 15% (Fig. 3a, 3b). R espiration in the 
absence o f the polychaete was no t significandy different from 
incubations w here E. norvegica was present (PER M A N O V A  p = 0 .5 , 
Fig. 3a).
C budget o f Lophelia Pertusa and Eunice Norvegica 
Separately and Together
Partitioning of tracer C betw een tissue assimilation, calcification 
and  respiration was m erged into a C budget for each treatm ent 
based on total tracer C tracer uptake by L. pertusa and  E. norvegica. 
T his revealed th a t in the absence o f E. norvegica, L. pertusa invests 
10% of total acquired  C in tissue, 10% in calcification and  80% in 
respiration (Fig. 5a, T able  1). W ith  E. norvegica present, however, 
this picture changed, m ainly due to h igher calcification rates 
stim ulated by the presence o f the polychaete. O n  average 14% of 
total acquired  C was transferred into tissue, 39% was recovered in 
carbonate  an d  47%  lost by  respiration (Fig. 5b, T able  1).
For E. norvegica, the m ain change in the C budget was higher 
food assim ilation in the presence o f the coral. W hen  L. pertusa was 
absent E. norvegica assim ilated 6 o f total acquired  C in the tissue 
while 94% o f total acquired  C was lost by respiration (Fig. 5c, 
T ab le  1). W ith  L. pertusa present E. norvegica increased its tissue C- 
uptake up to 28% while only 72% of acquired  C was used for 
respiration (Fig. 5d, T able  1).
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Discussion
Assimilation and Calcification in the Symbiotic Coral- 
polychaete Relation
E u n ic e  n o rv e g ic a . In  this study we quantified the qualitative 
observations o f the interaction  betw een E. norvegica and  L. pertusa to 
infer the im portance o f this interaction  for cold-w ater coral 
ecosystems. Results revealed th a t Eunice assimilated 4 times m ore 
C and 2 times m ore N  in the presence o f tile coral. R espiration 
however was independent o f coral presence b u t well w ithin the 
range o f form er observations [10], T h e  polychaete fu rther tended 
to switch to a m ore selective food uptake, preferentially taking up 
bigger particles w hen L. pertusa was p resen t (Fig. 2b). T hese results 
are in agreem ent w ith previous behavioral observations, w here E. 
nowegica has been reported  to steal m ainly bigger food items from  
its coral host [15], W e hypothesize th a t larger particles cause 
longer handling  times by tile coral during  the process o f feeding 
[44,45], w hich gives the polychaete m ore tim e to rem ove these 
particles from  tile polyp surface. Small particles m ight be 
consum ed faster by the coral host and also m ight be m ore 
effectively anchored w ithin the m ucus layer o f the coral 
[45,46,47], Since m ucus is used by the coral n o t only to trap , 
bu t also to transport particles to its m outh , [48,49], a weaker 
binding o f larger particles w ithin the coral m ucus layer would 
m ake it easier for tile polychaete to access and  rem ove those from  
the coral surface.
T h e  observed high influence o f coral presence on polychaete 
nu trition  evidences th a t the in teraction no t only provides 
settlem ent and  shelter bu t also increases tile fitness o f tile 
polychaete. C oral rubble and  dead  fram ework can also provide 
shelter, bu t they are neither able to help in tube strengthening by 
calcification no r in food supply, since the coral is dead. T he 
increased food inpu t by proxim ity to living corals m ight explain 
the com m on occurrence o f E. norvegica w ithin living coral branches 
as one o f two species so far docum ented  living in direct contact to 
coral tissue [11]. T h e  advantage o f living w ithin the live coral 
becom es even clearer w ith regard  to the location o f tile tube 
selected by tile polychaete and  its reef aggregating behavior 
described by R oberts [16]. T o  ensure its benefits, the polychaete 
places its tube openings close to big coral polyps [2,15] and  moves 
small broken coral branches w ithin reach of its tube [16].
L o p h e lia  p e r tu s a .  In  contrast to E. norvegica to tal C or N  
uptake by L. pertusa was n o t influenced by tile presence o f tile 
polychaete. Instead, L. pertusa switched from  preferential feeding 
on Artemia to m ore opportunistic feeding by enhancing  the uptake 
o f sm aller particles in tile presence o f the polychaete. T he higher 
contribution  o f smaller particles in the presence o f tile polychaete 
is m ost likely caused by tile preferential stealing o f bigger particles 
by tile polychaete (see above), leaving the coral to feed on w hat is 
left over. This implies th a t the success o f L. pertusa to exploit a 
certain  food source depends no t only on the availability o f tile
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source but also on  the interference w ith o ther species living in close 
association w ith the coral.
W hile experim ents conducted  on L. pertusa in isolation will help 
to understand  its capabilities and  potential, interactions betw een 
species have to be elucidated to advance our understanding o f the 
species in the context o f its na tu ra l environm ent. T he  interaction  
with E. nowegica here implies that laboratory  studies done only with 
corals and  large food particles, m ight overestim ate the im portance 
o f these sources for the coral in its na tura l environm ent. However, 
the ability to utilize a b road  range o f food sources probably  ensures 
that L. pertusa does not suffer from  stealing by E. nowegica, as 
indicated by the observation that total assimilation and  respiration 
were not affected by the polychaetes’ presence. W e further show 
that calcification by corals increased in the presence o f the 
polychaete up  to 4 times com pared to treatm ents w ith only corals
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Figure 4. Calcification by L. pertusa, a) Total calcification, b) 
calcification s e p a ra te d  by fo o d  su b s tra te  (algae, Artemia). L. pertusa w as 
k ep t w ith  an d  w ith o u t E. norvegica; s tatistica l s ign ificance b e tw e e n  
t r e a tm e n t s  is in d ic a te d  a s  fo llo w e d : ** p < 0 .0 0 9 ,  * p < 0 .0 5 ,
• 0 .0 5 < p < 0 .0 6 . T he bars in e ach  figu re  re p re s e n t a v e rag e  ±  SD. 
do i:10 .1371/jo u rn a l.p o n e .0 0 58660 .g004
present, confirm ing the assum ption that the coral enhanced 
calcification while interacting  w ith E. nowegica [16]. H ence, this 
interaction  m ay influence total calcification in a reef and  therefore 
reef developm ent. T he  coral pieces in our study showed no 
previous im pact o f polychaete presence like old tube rem ains, 
polyp-m alform ation or thickening. This indicates th a t the 
observed higher calcification rate  is related  to the initial phase o f 
the polychaete-coral relationship during the polychaetes’ tube 
form ation. It is how ever likely that the positive feedback on 
calcification continues during the entire coral-polychaete re la tion­
ship, since the polychaete keeps on elongating and  rearrang ing  its 
tube around  coral branches w ith tim e [16].
Surprisingly, however, this enhanced  calcification was not 
accom panied by h igher m etabolic activity represented  by total 
respiration. N au m an n  et al. [32] found that changes in calcifica­
tion in  the cold-w ater coral Desmophyllum dianthus are correlated to 
changes in respiration.
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In  contrast to that however and  in agreem ent with our 
observations Form  & Riebeseii [50] found that enhanced 
calcification by  L. pertusa u nder high GCC exposure did not entail 
enhanced  respiration. This implies species-specific differences in 
calcification as suggested by  Adkins et al. [39] resulting in a m ore 
conservative calcification by  L. pertusa than  by  D. dianthus.
Implications for Ecosystem Functioning
C old-w ater coral reefs have been described as hotspots o f  C 
cycling [10] and  biodiversity along continental m argins [5,6,9]. So 
far, m ost aquaria  studies focused on individual key species within 
the system, in particu lar the cold-w ater coral Lophelia pertusa 
[33,51,52]. H ere  we evidently show that interactions betw een 
species m ay substantially contribute to the developm ent and 
functioning o f a reef. A pparently, not only com petition betw een 
species, bu t also facilitation can shape ecosystems by  cascading
throughout the com m unity  and  so affect ecosystem functioning 
[22,53,54] and  persistence, especially u nder changing environ­
m ental conditions [55].
In  this study we showed that Eunice norvegica positively influences 
coral calcification and  changes food partitioning, however w ithout 
im pacting total energy uptake by  its coral host. So far, calcification 
o f cold-w ater corals has been studied in an isolated single-species 
setting and  quantified in the context o f  environm ental changes 
([56] and  references therein), b u t knowledge on the influence o f 
biological interactions is lim ited and  qualitative [57,58], O u r 
results suggest, however, that the im portance o f biological 
interactions for the process o f calcification in a  reef environm ent 
m ight have been underestim ated, since we m easured a 4 times 
increase o f  calcification w hen interaction  betw een L. pertusa and  E. 
nowegica could take place. E nhanced  calcification results in b ranch  
thickening and  anastom osis, w hich facilitates reef growth and 
fram ew ork strength and  thus can enhance ecosystem developm ent
T able 1 . Tracer C-partitioning betw een m etabolic com ponents of L. pertusa and E. norvegica separate and together, (n =3).
C o m p o n e n t L  pertusa* L  pertusa+E. norvegica* £  norvegica* £  norvegica+L pertusa*
Tissue 150±56 266±95 95 ±68 345 ±177
Respiration 1243 ±700 869 ±345 1423 ±  1431 869 ±45
Calcification 156 ±  141 720 ±336
*[gg C (day*g C biomass) '■
doi:10.1371 /journal.pone.0058660.t001
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and  persistence, since the developm ent o f coral skeleton is essential 
for this ecosystem [16].
It is however yet unclear how this interaction is affected by 
changing environm ental conditions, such as ocean acidification 
and  w arm ing, o r how this in teraction  reflects upon  the im pact o f 
such changes on  reef developm ent. T o  im prove our prediction  of 
the future o f cold-w ater coral reefs it is no t only necessary to study 
the coral itself under various conditions b u t also to account for the 
m any organism s living in association w ith the coral and  
contributing  to the form ation of this unique ecosystem.
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